Introduction
Silicon carbide (SiC) is an attractive material for high-temperature, and high-frequency switching devices because of its superior properties such as a wide band gap, high breakdown field strength, and high thermal conductivity 1) . Therefore, extensive research on SiC devices has been conducted [2] [3] [4] .
However, there still remain several problems in realizing practical SiC device. After ion implantation high-temperature activation annealing is indispensable for fabricating SiC devices. One of the major concern about ion implantation and successive activation annealing processes involve the surface roughening during high-temperature annealing 5, 6) . Although several annealing techniques have been proposed and verified regarding [7] [8] [9] [10] , there is the room of the improvement. Therefore, further investigation of high-temperature annealing process is needed.
In this study, we tried to suppress the roughening by controlling the impurity in an annealing atmosphere. 
Experiment
The experimental procedure in this study is shown in Fig. 1 . The starting substrates were n-type on-axis 4H-SiC purchased from Cree. After SC1
(Standard Clean 1) cleaning, we first observed initial surface roughness by AFM (atomic force microscopy). The observation area was 10 m × 10 m.
The samples were then annealed in a conventional or controlled Ar atmosphere followed by another SC1
cleaning. The sample surfaces were evaluated by AFM again. Figure 2 shows the schematic structure of the high temperature furnace annealer before and after improvement used in this study.
Before improvement, the annealer was conventional open flow type equipped with SiC tube. The G3 grade Ar gas (99.999%) was supplied during the annealing ( Fig. 1 (a) ). In this study, we improved the annealing furnace in order to control the annealing atmosphere more precisely ( Fig. 1(b) ). After the improvement, the SiC tube was leak tight with clumped O-ring seal, and the supplied Ar gas was purified with the impurity concentration less than 100 ppt for H 2 O and O 2 , and less than 1 ppb for the other impurities such as H 2 , CO, and CO 2 using a gas purifier. The samples were annealed at 1300 C and 1600 C for 30 and 60 min. For the AFM evaluation, more than 10 points were observed and the average roughness in rms (root mean square) calculated from the AFM data was compared. Fig. 3 . AFM images (a) before and after (b) annealing at 1600 for 60 min in a conventional and (c) controlled Ar atmosphere. Figure 3 shows AFM images before (Fig. 3(a) ) and after annealing at 1600 C for 60 min in a conventional (Fig. 3(b) ) and controlled (Fig. 3(c) ) Ar atmosphere. Initial average roughness of the commercial SiC was 2.37 nm in rms. After 1600 C annealing for 60 min in a conventional atmosphere, the roughness increased to 19.1 nm. However, the roughness after annealing in the controlled atmosphere was significantly improved as 9.28 nm. The surface morphology before annealing showed randomly oriented scratches, which might be a CMP scratches. After annealing the scratch-like grooves appeared to be enhanced. However, the enhancement was significantly suppressed in the case of annealing in the controlled atmosphere. Figure 4 summarizes the results of the AFM measurements in this study. The roughness after annealing for 30 minutes at 1300 C and 1600 C in a conventional Ar furnace were increased to 4.53 nm and 14.9 nm, respectively. The roughness after 1300 C annealing for 60 minutes were 19.1 nm. In the controlled atmosphere, the roughness after 30 minutes annealing were much improved as 4.27 nm and 6.93 nm at 1300 C and 1600 C, respectively. The roughness after 1600 C for 30 minutes annealing was 6.93 nm. It is apparent form Fig. 4 that the improvement of the furnace annealer to control the annealing atmosphere was quite effective in suppressing the surface roughening during high temperature annealing. It has been believed that the mechanism of the surface roughening is the surface vaporization during high temperature annealing. The reaction for the vaporization might be described by following equation, SiC+ 4H 2 O SiH 4 + CH 4 + 2O 2 (1).
Results and discussion
The reduction of the H 2 O impurities in the annealing atmosphere by the leak tight furnace and Ar purification might be effective to suppress the reaction described in equation (1) suppressed the surface roughening significantly.
Conclusion
In conclusion, we have successfully improved the SiC surface roughing during high temperature annealing by controlling the annealing atmosphere. We assume the significant reduction of H 2 O concentration in the annealing atmosphere might play an important role. We believe this result help to accelerate the realization of the SiC devices.
